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1Department of Civil Engineering, University of Kentucky, Lexington, KY, United States, 2Department of Architecture and Built
Environment, Northumbria University, Newcastle upon Tyne, United Kingdom, 3Dept. of Construction Science, College of
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The coronavirus outbreak has challenged and continues to challenge every aspect of the
supply chain within the AEC industry, forcing stakeholders to cope with increasing
uncertainties and continuous change. The notion of resilience is especially salient now.
While the need for the AEC industry to focus on resilience has been highlighted in recent
articles, there is a need for a comprehensive discussion on what resilience means for the
AEC industry and how companies can create built-in resilience. This paper takes the form
of a high-level overview of where the industry is headed and aims to establish eleven
propositions for a resilient, post-COVID-19 future, for practitioners working in the design
and construction industry. Moreover, this paper proposes a ‘decentralization of workforce
and integration of data’ model in which the established propositions are manifested to
support a resilient AEC industry.
Keywords: resilience, AEC industry, post-COVID-19 pandemic, decentralization, data integration
INTRODUCTION
Henri Bergson, a philosopher and winner of the French Nobel Prize, is believed to be the first to use
the term “living order” to highlight the idea that life is a continual process of unpredictable change.
While businesses operating in the year 2020 have a defined past and present, their future is uncertain.
The COVID-19 pandemic can be likened to a battle, challenging the continuity of businesses, in
which practitioners in the Architecture, Engineering and Construction (AEC) industry have been
forced to engage. The labor-intensive nature of the AEC industry makes it vulnerable to the COVID-
19 pandemic, and the knowledge, attitudes, and practices (KPA) of the stakeholders play a vital role
in controlling the impacts of this pandemic (Zheng et al., 2020). Various articles have been written
about the inefficiencies and chronic problems plaguing the AEC industry where design challenges,
fragmentation, low productivity, low margins, cost and schedule overruns, labor shortages, wastage,
unsafe working conditions, and miscommunication are commonplace (Bou Hatoum et al., 2020; El
Jazzar et al., 2020a; El Jazzar et al., 2020b; Nassereddine et al., 2019, 2020a). The AEC industry is also
more volatile—responding more acutely to economic crises and depressions than other sectors (The
Fees Bureau, 2020). Between 1964 and 2019 in the United Kingdom, compared to the annual GDP,
the construction market rose and fell 10% in response to three major economic crises (Figure 1). For
architects, these economic downturns can be even more damaging—fluctuating by 50% or more,
making architects one of the most vulnerable groups during a recession (Mirza, 2020). Unfavorable
market environment can be initiated solely by economic instability, but when it is combined with
natural disasters or pandemics, the impact on the industry can be devastating. A 2018 AIA survey
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found that only 22% of smaller architectural design firms in the
United States with 1–19 employees had equipped themselves with
a contingency plan in the event of business disruption, compared
to 72% of larger firms (AIA, 2020). The impact of the current
COVID-19 pandemic however is unprecedented in modern
history. It has been a scenario for which few current business
leaders had properly prepared (McKinsey and Company, 2020a).
Alsharef et al. (2021) provided a holistic understanding of the
early impacts of the COVID-19 pandemic on the United States
industry and identified the following major adverse impacts:
disparity across states on whether construction work is
essential or non-essential, material delivery delays and
shortage of material, delays in inspections and securing
permits, reduction in efficiency and productivity rates,
emergence of COVID-19 safety concerns, expected increase in
disputes, litigation, and claims, increase in demand from local
suppliers and manufacturers, and transition to remote working.
Although a crisis, the COVID-19 pandemic has also served as a
wake-up call for the industry as it has brought to the surface long-
standing problems and highlighted areas in urgent need of reform
and improvement. An important question arises as to how to thrive
in a volatile, uncertain, complex, and ambiguous environment.
Similar to how boxers demonstrate resilience in the ring, the AEC
industry must be resilient enough to win a fight during times of
unexpected crises. Wilkinson et al. (2016) noted that the
construction sector needs to be resilient to recover more quickly
from crises. With the coronavirus outbreak declared as a global
crisis and the disruption it has generated, building resilience into
the AEC industry is sorely needed (Cheshmehzangi 2021). The
notion of resilience is especially salient now as external conditions
around the world are experiencing increasing bouts of change.
A question then arises about how to build resilience into the
AEC industry. Kim (1998) analyzed the Hyundai Motor
Company and noted that the company proactively constructs
internal team crises as a strategy to foster creativity, expedite
learning, and elevate the adaptive capacity of both teams and
organization. In other words, to prepare for uncertain external
assaults to their systems, Hyundai created artificial crises to
identify and improve areas of weakness in their teams and
business processes. Unlike Hyundai’s exercises, the
emergence of COVID-19 was not artificially orchestrated to
reveal weaknesses in the AEC industry. However, the pandemic
can be viewed through a similar lens—i.e., as an opportunity to
identify how the AEC industry can be made more resilient in
preparation for additional emerging challenges, such as climate
change. It has been observed that resilient organizations
successfully adapted to COVID-19 challenges (Chong et al.,
2020). In an interview with Zawya Projects, the Chairman and
Chief Executive Officer of the global automation giant Rockwell
Automation, Blake Moret, stated that “the coronavirus
pandemic has forced companies to sharpen their focus on
resilience, agility, and sustainability” (Zawya, 2021). Moret
added that resilience typically involves remote operations,
traceability, and movement of operations to different
locations in times of crises (Zawya, 2021). A recent article in
Engineering News Record highlighted that resilience within the
construction industry is clear in how construction participants
met the challenges imposed by the pandemic (Rubin et al.,
2021).
Researchers argue that resilient organizations must use
technological advancements in Information and
Communications Technology (ICT), Artificial Intelligence
FIGURE 1 | Architects’ workloads and construction output compared with annual GDP. © The Fees Bureau Reprinted from Mirza (2020).
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(AI), and automation to increase collaboration and cooperation,
both vertically and horizontally (Butler, 2018; Kamble et al., 2018;
Belhadi et al., 2021). Additionally, in a recently published report
in Trimble Buildings (2020), construction practitioners stated
that a successful project team is one that can demonstrate an
ability to pivot and respond to changes imposed by external
requirements, such as a shutdown. The report also emphasized
the role COVID-19 played in catalyzing innovation in
construction by advancing technologies such as robotics and
augmented reality. In another article, construction
practitioners noted that adoption of technology by the
industry could serve as a silver lining for the pandemic (Rubin
et al., 2021). Finally, because relationships serve as the heartbeat
of a construction project and the organizations that design and
build them, the resiliency of project team members plays a vital
role in supporting a resilient construction project
(Courtemanche, 2020).
While the need to be resilient going forward has been
highlighted by construction researchers and practitioners,
there are limited discussions on what resilience actually
means to the AEC industry and how it can be built to
support the growth of its members in a post-pandemic
world. A review of articles that discuss the future of the AEC
industry post-COVID-19 between 2020 and 2021 resulted in
identification of 11 major trends that can allow the AEC
industry to rebound post-pandemic (Table 1).
Building on existing work, this paper adopts a definition of
resilience for the AEC industry, discusses how resilience can be
strategically embedded into AEC organizations, and investigates
trends that support resilience in design and construction.
RESILIENCE THROUGH STRATEGY
One of the original definitions of resilience was proposed by
Holling (1973) and summarized by Angeler and Allen (2016) as
“the amount of disturbance that a system can withstand before it
shifts into an alternative stable state” (p. 617). Of note is the focus
on a system shifting to an “alternative stable state.” This is quite
different from definitions of resilience typically put forth in
architecture and engineering literature and by professional
societies, where resilience instead takes the form of risk
mitigation (Hosseini et al., 2016; Kurth et al., 2019). For
example, the AIA’ Architect’s Guide to Business Continuity
(AIA, 2020) includes a checklist for risk mitigation so a firm
can continue to function as usual in the event of business
disruption. Although a useful guide, this approach assumes
that after a threat has passed, the external environment will
return to the way it was before. In a similar vein, for the
engineering community, Keenan (2020) wrote: “In its most
simplified distillation, ‘engineering’ resilience (and to a large
extent ‘disaster’ resilience) speaks to the elastic and
reversionary capacities of a system to return to pre-stimulus
level of operational performance and material quality, which
may ultimately lead to adaptive and maladaptive outcomes . . .
” (p. 217).
Underlying these conventional approaches to resilience is an
assumption that the external environment exists within a steady
state to which disrupted systems can return, and therefore any
disturbances must be mitigated. Yet as the recent COVID-19
pandemic has shown us—as well as foreboding upcoming shifts
in the earth’s climate—the definition of resilience that the AEC
community would do well to consider instead is that which was
originally proposed by Holling (1973). In this approach, resilience
is less about risk mitigation that enables elastically returning to a
state that was before, but more about adaptive capacity—i.e., the
ability to adapt to a world that is permanently under
transformation, where both social and physical elements are
mobilized (Nelson et al., 2007; Angeler and Allen, 2016). This
type of adaptation is, in fact, the way species of organisms have
evolved and continue to evolve in order to survive dramatic
upheavals to their ecosystems (Miller and Spoolman, 2009). The
built environment and we—the human beings who construct
it—exist within these environmental ecosystems. We would do
well to observe and even mimic how natural organisms have
developed these adaptive capacities.
Diversifying Portfolio
Designers, contractors, and subcontractors are service-provider
organizations that bring expertise in order to work toward a
common goal to satisfy stated owner needs for a construction
project (Al Sayegh, 2010). It is typical, for example, for an
architectural practice to possess a clear set of expertise related
to the building typologies it can best deliver. The portfolio
TABLE 1 | Eleven major trends for the future of the AEC industry post-Covid-19.
Trends post-COVID-19 pandemic References
Portfolio diversification Domingos et al. (2021); McKinsey and Company (2020a); Rajabi and Bheiry 2020; Wood (2021)
Collaborative contracting methods Barbosa et al. (2020); MCAA (2020); Ramya (2020); Wong et al. (2020)
Industrialization Cheshmehzangi (2021); McKinsey and Company (2020c); Gatheeshgar et al. (2021)
Circular economy Dokter et al. (2021); Ibn-Mohammed et al. (2021); Cetin et al. (2021); Munaro et al. (2020)
Remote working Green (2020); McKinsey and Company (2020b); Juhasz et al. (2020); Birkinshaw et al. (2020)
Integrated design management using BIM NBS (2020); Luo et al. (2020); Leon et al. (2021)
Staffing and skills training AIA (2020); RIBA (2020c); Harrouk (2020); International Labour Organization (2021)
Reversible building design Souza (2021); Cutieru (2020); Durmisevic (2020)
Augmented reality Adhikari and Poudyal (2021)a; b; Build Media Group (2021); Ebekozien and Aigbavboa (2021); Heiskanen (2020)
Automation and 3D printing Wallett (2021); Zhu et al. (2021); Byrne (2020)
Lean construction McKinsey and Company (2020c)
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strategy of each service-provider needs to be aligned with the
strategy of the owners that they serve to ensure the needs of the
owners are ultimately being met. The economic downturn caused
by the pandemic has forced some owners to hold off on moving
forward with new construction projects and to adjust their
strategies (Jones, 2020). The level and severity of the pandemic
varied across sectors and owners, making COVID-19 a major risk
management factor for construction service-providers to
consider and assess (Rajabi and Bheiry, 2020).
Events such as the current economic recession caused by the
pandemic brings an opportunity for construction service-
providers to pause and reflect on their ability to adapt to
possible future scenarios. An organization’s existing portfolio
which targets specific sectors and types of work should be re-
evaluated through a resiliency lens with an aim to predict and
prepare for survival and continuity of its business. Depending on
the type of recession, demand for some types of projects may
dwindle, while others may rise. For example, during the COVID-
19 pandemic, commercial sector projects were hit hard, but there
was also a growing number of projects in the interior design
sector (Laing and Moss, 2020). While the landscape of owners is
changing, construction service-providers need to carefully assess
their portfolios to mitigate risk, remain competitive, and grow.
Portfolio diversification is a competitive strategy that is more
profitable and stable than a homogeneous portfolio (Markowitz,
1959). Diversifying an organization’s portfolio is also considered
by some as the single most important factor ensuring business
resilience (RIBA, 2020b). Kim and Reinschmidt (2011) analyzed
400 large contractors in the U.S. and concluded that a
diversification strategy and managing business risks and
firm growth are directly correlated and contractors that
diversify their portfolio are able to reduce market risks and
grow as a firm. Diversification practices need to include sectors
and services that are affected differently by political and
economic landscapes. For example, public and private
sectors are typically on different spending cycles which
provide opportunities during crises (AIA, 2020). As
important as diversifying scope of work is diversifying
project geographies (AIA, 2020). Global downturns can
have varying impacts on different regions of the world, and
therefore being prepared to explore new markets outside an
impacted region can serve as a powerful contingency plan
during a crisis.
Collaborative Contracting Methods
Creating a business relationship with a high degree of resilience is
essential for forming long and stable bonds between companies
(Ojansivu and Hermes, 2019). Myer (2020) added that resilience
in the face of the pandemic was rooted in the strength of the
relationships between construction stakeholders. Additionally, a
Harvard Business Review article discovered that resilient teams
tend to have members that are able to resolve conflicts,
collectively believe that they can effectively complete their
tasks, and have a shared understanding of their roles and
responsibilities (Kirkman et al., 2019).
The traditional project delivery system of design-bid-build is
known to inhibit coordination, limit cooperation and innovation,
and promote the reward of one stakeholder at the expense of
others. By contrast, Integrated Project Delivery (IPD) emerged as
an innovative delivery system that challenges the legacy of the
AEC industry (Matthews and Howell, 2005). The American
Institute of Architects (AIA) defines IPD as “a project delivery
approach that integrates people, systems, business structures and
practices into a process that collaboratively harnesses the talents
and insights of all participants to optimize project results,
increase value to the owner, reduce waste, and maximize
efficiency through all phases of design, fabrication, and
construction” (AIA, 2007, p. 2). The launch and
implementation of IPD have revolutionized the way
construction projects are being delivered by promoting
communication, collaboration, trust, and transparency among
the construction owner, designer, contractor, and subcontractors.
The benefits of IPD were exemplified during the pandemic where
stakeholders were required to work collectively and
collaboratively to address associated challenges and ensure
proper delivery of projects. Southland Industries stated that
the use of IPD on the Penn Medicine Patient Pavilion allowed
the construction project team to reduce the construction schedule
for a portion of the new hospital tower in University City,
Pennsylvania, by 15 months, to better prepare the facility for
the potential influx of COVID-19 cases (MCAA, 2020).
Industrialized Construction
Offsite prefabrication and modularization enjoy a long tradition
of working to: reduce waste and carbon emissions; create parallel
coordination between onsite and offsite works; and enhance
quality control (Jaillon et al., 2009; Luo et al., 2020). By
industrializing building systems, these methods can simplify
the process of design and construction without having to re-
create it for each project. They address principles such as
facilitating “design for deconstruction” by generating building
systems based on the concept of IFD, i.e., industrialised, flexible
and demountable (Crowther, 2005; Jaillon and Poon, 2014).
Moreover, it is not only for the benefit of the environment
that prefabrication and modularization can contribute.
Tokazhanov et al. (2020) suggested that the COVID-19
pandemic might have a significant impact on construction
jobsites where modular construction could gain more
momentum. During the global COVID-19 lockdown, the
flexibility of interior spaces became a major concern for a
range of building types, as they required occupants to adapt to
the way spaces were used, creating a new normal. Clients of future
architectural projects are likely to demand a building program
that is flexible enough to accommodate multiple scenarios of use.
Strategies include industrialization of building components and
systems, using prefabrication and modularization, and enabling a
cost-effective construction of buildings where subsystems can be
easily dismantled and replaced. For this, designers needed to
prepare themselves to be able to coordinate their design with
constructors. Additionally, with more emphasis placed on the
need to drive efficiency, accelerate projects and overcome
schedule overruns, and enhance the focus on worker safety,
contractors have been moving toward modularization (Meisels,
2020; Cheshmehzangi, 2021). The need to practice social
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distancing on a jobsite also makes a strong case to leverage
modular construction. Moreover, as the construction industry
increasingly faces an aging workforce and shortage of skilled
labor, modularization offers contractors the opportunity to drive
improvements by reducing on-site construction and increasing
off-site construction methods that allow for quicker and more
efficient work with reduced need for skilled labor (Astrachan,
2020). Providing contractors with the ability to improve
efficiency, enhance safety, improve quality, increase
productivity, reduce costs, and shorten schedules will enable
contractors to combat unprecedented perils with resilience.
Innovative Business Models in Circular
Economy
A new ethos for design and construction is emerging. Alongside
resilience in management outlined above, architects, engineers,
and constructors need to reposition themselves in the post-
pandemic world economy where social values and priorities in
business are rapidly changing. Future-oriented design approaches
using advanced concepts such as circular economy and reverse
construction technology will become a more critical issue in the
process of bidding for new projects. These will help brand and
promote business in an increasingly competitive and
environmentally conscious global market during and after
economic and environmental crises. As value engineering
becomes more vital in the future of the AEC industry, design
and construction process need to be upgraded for cost-effective
solutions without compromising quality by adopting resilient
strategies (Lowery et al., 2011).
The emerging paradigm of a circular economy represents both
a challenge and an opportunity for the design and construction
industry. By re-adjusting the way projects are implemented,
businesses can become more viable as well as profitable in an
increasingly competitive and volatile market. The circular
economy (CE) is an overarching concept still in its infancy in
AEC industry. While research in the field of CE is growing, it is
still in a phase of exploration without empirical validation and
therefore further effort is needed to adapt it to the practices of
design and construction (Munaro et al., 2020). Pioneering
projects such as BAMB (Building As Material Bank) have
been initiated by the EU to find solutions to preserve the
value of building materials by using the concept of material
passports and reversible building design (Debacker and
Manshoven, 2016). EPA (United States Environmental
Protection Agency) has been promoting the concept of CE by
providing best practices and manuals for Design for
Deconstruction (DfD) and recycling of C&D (construction
and demolition) materials. The current focus of the AEC
industry however lies in the recycling of existing waste
materials for new building structures (Dokter et al., 2021).
Nevertheless, within the whole range of circularity strategies
for the production chain suggested by PBL Netherlands
Environmental Assessment Agency (Figure 2), recycling
belongs to lower levels of priority (Potting et al., 2017).
Without a systematic industrial effort to increase recycling as
a priority and update material inventory, however, even basic
levels of recycling cannot be made economically viable
(Kozminska, 2019). Considering the industry’s impact on
waste generation (46% in the EU) and global energy emissions
(39%), the current global movement toward it will soon impose
political and economic imperatives to embrace it, especially in a
post-pandemic landscape (Cetin et al., 2021).
RESILIENCE THROUGH DESIGN
During COVID-19, many practices in the United States and
Europe were forced to shift their workforce base from offices to
homes in very short notice with insufficient preparation. A
disaster assistance manual for architects was published by the
AIA years before the pandemic, suggesting an emergency
management cycle, i.e., prepardness, response, recovery and
mitigation (AIA, 2017). Because of the magnitude of
disruption caused by COVID-19, a majority of practices were
forced to immediately deal with the response phase with little
help from an existing protocol of preparedness. The pandemic
has triggered a paradigm shift to a new mode of working to create
a more sustainable future for design practices. Since the beginning
of the pandemic, various contingency guidelines and reports have
been published by experts and professional groups, including by
two influential architects’ associations, the AIA and the Royal
Institute of British Architects (RIBA). These guidelines provide
recommendations for a wide variety of concerns for businesses
such as insurance, contracts, facilities management and client
relationships. The following sections will explore resilience as it
relates to the human aspect of a business, focusing on the concept
FIGURE 2 | Circularity strategies within the production chain, in order of
priority. Adapted from Potting et al. (2017), fig. 1, p. 5.
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within the workforce and its attendant workflows which are key
elements for the survival and continuity of post-pandemic practices.
By way of example of how the pandemic affected one arm of the AEC
industry, the following sections will especially focus on architects.
Remote Working
According to a 2019 survey for RIBA, only 7% of architects
worked full time from home and 21% regularly worked from
home of which 80% were sole practitioners (Buxton, 2020). This
implied a tendency that flexible working from home could be
easily adopted by either single-person practices or large practices,
while mid-sized practices without an in-house technology team
would be less prone to do so. During the COVID-19 lockdown,
however, practices of all sizes were involuntarily forced to
embrace remote working. Many found it intuitively easy to
shift to remote working, and this dramatically changed worker
attitudes toward it (Morris, 2021). Recent polls by The Economist
(2020) suggest that across industries in the United Kingdom, two-
thirds of employees would like to continue working from home
and only 8% wanted to return to the office full-time. It is
predicted that office working will not disappear—but office
environments will need reduced capacity, greater functionality,
and require to be situated in better locations (Green, 2020). To
make remote working a new normal in a post-COVID
environment, two ICT requirements need to be in place.
Firstly, remotely accessible data must be secure and there
needs to be literacy by users about it. To enable this, it is
crucial to provide a single or possibly multiple data storage
points, and office servers or clouds where all digital resources
including project data can be stored and accessed remotely
through a secure validation system (AIA 2020; RIBA 2020a).
Secondly, key IT equipment needs to be portable with a range of
reliable software that can fully support collaborative online design
and remote meetings and approval processes. These remote
technologies and their attendant software systems have been
available in the market for decades but the COVID-19
pandemic served as a catalyst to expand existing markets and
accelerate competition for faster adoption of technology. To
facilitate and embrace this shift to a remote working culture, it
is important to recruit IT specialists for cyber security and to
educate employees about the most effective ways to work
remotely (AIA 2020).
Integrated Design Management Using BIM
In the context of contemporary construction projects which have
become increasingly complex and difficult to manage, adoption
of Building Information Modelling (BIM) has become a major
agenda item in the industry in recent decades to help resolve
issues of communication between stakeholders (Clough et al.,
2008). It is a method of managing building design and project
data in a digital format throughout a building’s life-cycle (Succar,
2009). Knowing the benefits of reduced transaction costs and
operational errors, many governments and local authorities are
now making it mandatory to use BIM for projects. The
United States adopted BIM as a requirement for the approval
of all major projects since 2007. The United Kingdom has set a
series of five-year plans to achieve a set target for BIM adoption
(Hamma-adama and Kouider, 2019). A BIM survey in 2020
revealed that in the past 10 years, the use of BIM made a
substantial leap from 13 to 73% in the United Kingdom
design and construction sectors (Figure 3; NBS, 2020).
It has been a widespread perception in the building industry
that BIM can generate benefits for large high-profile projects, but
not for smaller projects. This perception however is changing,
especially for those who experienced BIM’s ability to significantly
reduce risk and increase productivity (NBS, 2020). Since the
beginning of the Covid-19 pandemic, the benefit of adopting BIM
for remote construction projects is receiving increased attention.
Architectural design is an intricate process linking five work
themes, namely: thinking, creating, collecting, connecting, and
correcting. BIM can generate meaningful benefits to each theme
by creating shared understanding between stakeholders working
in different locations (Arayici et al., 2012). This shared
understanding can be maximized by the use of 3D models in
BIM that can in turn generate 3D prints, animations, and virtual
reality (Arayici et al., 2012).
Resilience in Staffing and Skills Training
One of the key issues of design management in times of business
disruption is maintaining or stabilizing the work force.
Stakeholders of the AEC workforce typically include teams
and individuals of a firm but also contractors and suppliers
outside, as well as collaborating practices. The AIA guide
suggests building in redundancy for possible disruption caused
by natural and human-made hazards which includes creating
FIGURE 3 | BIM awareness and use—2011 vs 2020. Adapted from NBS (2020), p. 16.
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multiple points of contact, cross-training employees on tasks,
developing succession and transition plans, and creating a culture
of collaboration within the firm (AIA, 2020). RIBA also
recommends that practices, especially smaller ones, pool
resources and produce joint bids to win new work when an
economy slows. If they can liaise with other professional firms
such as those specializing in interior design and engineering,
organizations can create a convenient one-stop-shop for clients
and generate economically viable solutions starting at an early
stage (RIBA, 2020c).
In addition to embracing and undertaking the design
management strategies described above, it is an essential
precondition to deliver knowledge and skills training for
employees. This should be done as a part of a preparedness
program when a business is running in normal conditions, to
be able to reduce the risk of business disruption and help protect
profits (Harrouk, 2020). Educating staff members on how to use
software for remote working, generative design, simulation for
fabrication, 3D printing, and how to integrate these
functionalities using BIM is a crucial first step to completing
the emergency management cycle of “preparedness, response,
recovery and mitigation” recommended by the AIA (2017).
Meanwhile, architects need to absorb advanced professional
knowledge of future-oriented product design concepts such as
circular economy, adaptive reuse, prefabrication, modular
construction, and reverse construction technology. These
emerging concepts are expected to soon play a crucial role
within the next ten to twenty years, and are needed to
compete effectively in the market, due to foreseeable
environmental challenges such as climate change and resource
depletion. The RIBA Code of Practice set out that practices
should continuously improve their professional knowledge and
skills for the “benefit of the public interest, those commissioning
services, the profession and themselves” (RIBA, 2019, p. 9).
Reversible Building Design
As demolition generates up to 50% of total material waste
worldwide, reducing waste by recycling materials at the end of
the lifecycle of a building has become an important agenda for the
AEC industry (Kibert 2008). However, rates of recycling are still
low due to conventional construction methods that do not
consider ways to dismantle materials during demolition
(Potting et al., 2017). To shift this paradigm from recycling to
reuse, it is necessary to develop reverse construction technologies
to properly deconstruct buildings rather than to demolish them.
For the successful recovery of materials during deconstruction, it
is a crucial first step for design practices to develop technologies
forDesign for Deconstruction (DfD) or Reversible Building Design.
There are barriers, such as existing standards and codes that do
not provide clear guides regarding the use of recycled materials,
or that overly regulate this practice, making it cost-prohibitive;
but the potential advantage of adopting reversible building design
is evident. In addition to making building components reusable, it
also facilitates repair, refitting, or adaptively reusing a building for
a substantially reduced cost (Souza, 2021). The EU project BAMB
(Building as Material Bank) and the EPA (the United States
Environmental Protection Agency) have supported benefits of
this approach with examples of good practices. Reversible
Building Design not only protects the environment but also
introduces new business models for the whole building
industry and creates new services and jobs for the stakeholders
(Debacker and Manshoven, 2016). Concepts such as creating
material passports can be adopted to facilitate this process from
the design phase for recording and tracing building materials, and
this can create opportunities for emerging professional roles such
as “digital architect” and “building digitizer” (Debacker and
Manshoven, 2016).
RESILIENCE THROUGH CONSTRUCTION
Developing a resilient organization and workforce is crucial to
competing in the marketplace (Wang et al., 2014b; Cooke et al.,
2020). Faced with disruptions and discontinuities, construction
projects must be adaptable. Changes cannot be avoided on a
construction project; therefore, it is important to embrace
uncertainty and build in resilience to prepare project team
members to adapt and therefore support the continuity of
operations (Desai, 2012).
Sharing information and knowledge among various team
members is essential to carrying out a project. The more
complex the project, the more rich and diverse information
becomes. When faced with changes and challenges, allowing
project team members to access the right information at the
right time to make informed decisions is crucial. Fulco et al.
(2019) highlighted the importance of facilitating knowledge
acquisition to face emerging problems and build in resilient
thinking. While information sharing is key to a successful
construction project implementation, the reality of the
construction industry is that it embodies loss, attenuation, and
separation of information when that information is used,
transferred, and shared; these challenges have been well
documented in construction (Zhang and Van Luttervelt,
2011). Researchers noted that ICTs help to build resilience
into the AEC industry by leveraging information exchange,
especially in a turbulent environment (Fulco et al., 2019).
With rapid advances in emerging technologies and influenced
by the fourth industrial revolution known as Industry 4.0,
Construction 4.0 emerged as a new Frontier for gaining a
competitive edge in the AEC industry (El Jazzar et al., 2020b).
The underlying principle of Construction 4.0 is to enable the full
integration of people, processes, and machines throughout the
project lifecycle (Klinc and Turk, 2019; Sawhney et al., 2020).
Ralston and Blackhurst (2020) noted that Industry 4.0 holds
promise to enhance the resilience of organizations to disruptions.
While the AEC industry had been showing an increased interest
in Construction 4.0 pre-COVID-19, it would not be an
overstatement to say that the pandemic has intensified this
interest (Snyder, 2020). For example, the pandemic has forced
companies to work remotely to protect their employees. Araya
(2021) presented an agent-based approach to model the spread
with of COVID-19 and showed that interactions among
construction workers play a key role, forcing the reduction of
interactions. Although most on-site work cannot currently be
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done remotely, some work can already be shifted from the
construction site to a company’s headquarters, or even to
employee home offices, leading to a reduction in physical
interactions. Technologies emerging from the fourth industrial
revolution can be very helpful for this transition, especially by
enhancing compliance with possible COVID-19 rules on the
construction site (Ebekozien and Aigbavboa, 2021). In the
context of the construction industry, these forms of
technology are often categorized as Construction 4.0 (Klinc
and Turk, 2019; Sawhney et al., 2020) and include, for
example: building information modeling (BIM), augmented
reality (AR), virtual reality (VR), robotics, 3D printing,
artificial intelligence (AI), and drones. Cheshmehzangi (2021)
named the push for information-based construction
management methods as a future developmental change.
Construction 4.0 technologies support this change. Most
especially, the combination of BIM with augmented reality
(AR) improves access to information on a construction site
(Wang et al., 2014a).
Augmented Reality
Adapting to change is essential for maintaining continuity during
disruptions. Construction workers need to be ready to pivot and
adjust their practices to respond to change.When the coronavirus
wave reached construction projects, workers needed to find
alternatives to perform their work while simultaneously
contending with public health concerns and safety standards
established by regulators and their companies. Technologies that
enable remote collaboration, and that support faster knowledge
exchange and distribution are key. One Construction 4.0
technology that has been perceived as an answer to enabling
collaboration and knowledge transfer is Augmented Reality. AR
can be described both as an information aggregator and a data
publishing platform that allows the user to: 1) passively view
displayed information; 2) actively engage and interact with
published content; and 3) collaborate with others in real time
from remote locations (Nassereddine et al., 2019). The
capabilities of AR extend beyond visualization to include:
analytical (improving the analysis of information and decision
making); tracking (closely monitoring status); informational
(capturing process innovation for purposes of understanding);
geographical (coordinating processes across distances);
integrative (coordinating between tasks and processes);
sequential (changing process sequence and enabling
parallelization); automating (reducing human labor from the
process); disintermediating (eliminating intermediaries from a
process); and intellectual (capturing and distributing intellectual
assets) (Nassereddine, 2019). AR is a technology that can be
integrated throughout the lifecycle of the construction project
(Nassereddine, 2019; Nassereddine et al., 2020b; Nassereddine
et al., 2020c, Nassereddine et al., 2021). Two AR use-cases that the
authors have previously explored will be discussed next to
showcase how AR can help build resilience.
In Nassereddine et al. (2019), Nassereddine et al. (2020d), and
Nassereddine (2019) the authors envisioned an AR-enabled
production strategy process (PSP). PSP is an information-
intensive process that enables the project to practice the
execution of construction operations and identify potential
problem areas before an execution phase begins. In a
traditional setup, PSP uses physical copies of blueprints and
requires the project team to be available in the same space to
coordinate the production planning effort. The capabilities and
benefits of the AR-enabled PSP were illustrated by developing a
prototype for the HoloLens 1. Using a BIM model from a real-
world construction project, the prototype was implemented on a
healthcare project. The first view the user saw when they wore the
HoloLens was a 3D model and the main menu of the application
as displayed in Figure 4. The user perceived herself walking
through the model and moving closer to the different systems and
elements. The main menu comprised an interactive canvas that
included various functions that the user could select. The main
menu guided the user through the steps of PSP. For instance, the
user could make virtual measurements and define production
areas as illustrated in Figure 5. The validation of the prototype
showed that all nine AR capabilities had a medium-to-high
impact on PSP. Additionally, users reported that the
technology enhanced their cognitive understanding of the
process, facilitated decision-making, provided them with
needed and desired information, and allowed a natural way to
interact with the displayed information. Although not included in
FIGURE 4 | User’s First View of the AR-Enabled PSP. Reprinted from
Nassereddine (2019), fig. 65, p. 213.
FIGURE 5 | Creation of measurements and production areas in the AR
environment. Reprinted from Nassereddine (2019), fig. 73, p. 218.
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this prototype, the collaborative feature of the HoloLens enabled
multiple users to remotely exist in the same environment and
collaboratively develop a production plan. In a crisis such as the
COVID-19 pandemic, AR delivers a solution to build resilience
into construction projects to support the work of project team
members without interruptions.
In Nassereddine et al. (2020a) and Schranz et al. (2020), the
authors presented a remote expert system which worked with
head-mounted displays, such as Daqri Smart Glasses orMicrosoft
HoloLens 2. The system included video telephony with a site-
compatible tracking system (Urban et al., 2020) and the
possibility of inserting markers into a live image. It offered all
of the above-mentioned advantages, the largest being the
possibility to collaborate with others in real time from a
remote location with constant access to information.
Collaboration works well within and across multiple
disciplines (crafts/trades). This is especially useful because
workers of several disciplines tend to work simultaneously on
a construction site.
Figure 6 shows the functionality of a remote expert system.
The actual location of the remote expert is independent of the
construction site and could be at a company office or even in the
home of an employee. The latter would be ideal during a
pandemic as stay-at-home orders became commonplace across
the globe during COVID-19. Field personnel wear AR glasses and
transmit their field of view to a remote expert. The tracking
system of AR glasses are also used to create a 3D-model of the
surroundings. The main computer monitor shows the software of
the remote expert system. The view of a field personnel is situated
in the upper left corner. This view is transferred to the computer
of the remote expert or that of several remote experts. The remote
expert is therefore able to see what the field personnel with the
head-mounted display sees, enabling him to give instructions and
advice to the on-site personnel. Moreover, the remote expert can
project pictures, manuals, data, or drawings onto the view of the
AR device which is then shown in the head-mounted display of
the field personnel. As an additional option, the remote expert
can switch between a first-person view and a third-person view.
The first-person view is the one shown in the Figure 6. A third-
person view (not-shown in Figure 6) depicts the 3D model within
its surroundings and gives the remote expert an overview of the
situation of the project on-site in the vicinity of the field personnel
wearing the AR glasses.
In other words, augmented reality gives workers additional
access to information and the opportunity for enhanced
collaboration. This supports decision making on-site,
promoting the resilience of the workforce.
While AR offers various use-cases to support construction
team members and build in resilience, it is important to note that
this technology, as well as other Construction 4.0 technologies,
does not operate completely independently. Both electricity and
internet systems are critical for the reliable operation of
Construction 4.0 technologies. The application of these
technological innovations becomes challenging in off-grid
places where access to electricity and the internet is limited.
The massive winter storm that struck the utility grid of the state of
FIGURE 6 | Remote site inspection with Remote Expert System. Reprinted from Schranz et al. (2020), fig. 3, p. 382.
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Texas in February 2021 offers one example of why Construction
4.0 technologies should be considered as a supporting actor rather
than as a sole actor.
Automation and 3D Printing
To survive and thrive, a construction company must have the
capacity to respond effectively to changing external conditions.
For example, a number of developed countries report ongoing
shortages in skilled craft labor (McKinsey Global Institute, 2017).
This shortage can be exacerbated in times of a pandemic where
there is also a preference for social distancing and remote
working. By contrast, technology in the form of construction
robotics and automation offers a sanitized job site where, for
example, the site for a farm of wind turbines in a rural location
can be levelled and foundations bored using autonomous
bulldozers, excavators, and compactors, controlled by
operators working remotely and conveniently from their
suburban homes (Bock, 2015; Azar and Kamat, 2017).
Similarly, airborne drones and ground-based quadruped robots
mounted with 360 scanners for 3D imagery/reality that capture
applications can now fly over a site (drones) or nimbly climb over
bull rocks, ascend and descend stairs (robots), and circulate along
the exact same path repeatedly on a regular basis, substantially
eliminating the variability and progress documentation errors
that typically accompany human operators (Turkan et al., 2012).
Not only is the external environment changing, there are
heightening cultural expectations in what constitutes safe
working conditions. Human exoskeletons can substantially
enhance the strength of an on-site worker, while buffering him
or her from commonly experienced muscle strain (Bock et al.,
2011; Zhu et al., 2021). Large scale 3D-printing can and does
additively erect the walls of a house while consuming a fraction of
the time and labor it takes to build traditionally (Tay et al., 2017).
Of course, multiple challenges still need to be addressed to make
these systems fully practical and to operate smoothly; there are
substantial gaps that need to be tackled in the development of the
technology, but also in terms of improving the human-
technology interface (Dadhich et al., 2016; Czarnowski et al.,
2018). Nevertheless, a number of construction companies are
actively investing resources and collaborating to make these
systems feasible (NEXT Coalition n.d.).
Lean Construction
Adaptation to changing conditions also demands a cultural
framework that is receptive to—and even motivated by—the
need to embrace change.
FIGURE 7 | LOBmakes visible activity conflicts which is crucial when making decisions about where and when to prioritize application of automation and robotics.
Adapted from Kenley and Seppanen (2010), Fig 17.10, p. 534.
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The elements that comprise lean construction have been
shown to help project teams effectively adopt technology
which in turn, can facilitate adaptation when conditions have
changed. An in-depth description of the four components of lean
construction—to reduce waste and add value, using continuous
improvement in a culture of respect—are beyond the scope of this
paper, but in essence, if all four principles are effectively
implemented a truly lean project site would exhibit the steady
flows typically observed along a manufacturing assembly line
(Hopp and Spearman, 2011; Rybkowski et al., 2013). The
difference is that in manufacturing the actors are stationery
and the product being created moves while on a construction
site the actors (workers) are the ones moving through predefined
areas of a stationery job site as they transform it.
One approach to tackling challenges to flow is through
appropriate applications of automation and robotics. Not all
processes may benefit from automation and robotics, while
others most likely will. Discernment of these differences can
be viewed through the lens of Lean-IPD (Integrated Project
Delivery; Tzortzopoulos et al., 2020). Informed by advances in
lean manufacturing where the velocities of individual activities
are made explicit so they can be adjusted to achieve parallel flows
visible on a line-of-balance (LOB) flow chart, an LOB schedule
helps a team identify preceding flows that are creating bottlenecks
for succeeding activities and therefore need removal or
adjustments to enhance their velocities (Kenley and Seppanen,
2010; Pasquire, 2012; Rybkowski and Forbes, 2016; Figure 7).
Lean projects have been shown to not only offer measurable
improvements in the proverbial three-legged stool of time, cost,
and quality, but in safety and morale as well.
Emerging systems of AI (artificial intelligence) can help a
company collect and identify frequently occurring patterns of
constraints of each activity so the efficiency of an entire system
can be analyzed. A truly lean project is observable through
observed parallel flows on LOB charts. Visualizing these
flows—and interruptions to them—enables companies to
collectively make prudent decisions about which forms of
technology should be prioritized when external conditions
change, so that bottlenecks are made clear, can be
systematically unblocked, and a project can once again
experience a state of steady flow.
DISCUSSION AND CONCLUSION
In an increasingly volatile, uncertain, complex, and ambiguous
world, resilience in the face of change becomes a core competence
of organizations working within the AEC industry. While a range
of definitions of resilience has been used across disciplines, this
paper defines resilience as the adaptive capacity of AEC
organizations to survive and thrive in a changing
environment. The COVID-19 pandemic is challenging the
AEC industry to an extent unprecedented in recent history,
reinforcing the need for organizations to build in resilience.
Recognizing this need, the authors provided a bird’s-eye view
of the resilient future of the AEC industry, post-COVID-19
pandemic. First, the authors discussed embedding resilience as
a strategy to create opportunities for AEC organizations to grow
and secure business success in a changing environment. Next,
resilience was discussed in the context of design, addressing
specific needs of the A/E component of the AEC industry, and
a set of trends that promote building resilience in design were
highlighted. Then, a discussion of resilience in construction was
presented to provide construction team members with practices
to adapt and support the continuity of construction operations.
Through a review and discussion of relevant literature, eleven
trends related to the post-COVID-19 pandemic were proposed in
Table 1. They are: 1) Portfolio diversification, 2) Collaborative
contracting methods, 3) Industrialization, 4) Circular economy,
5) Remote working, 6) Integrated Design Management using
BIM, 7) Staffing and skills training, 8) Reversible building design,
9) Augmented reality, 10) Automation and 3D printing, and 11)
Lean construction.
While the eleven formulated propositions provide
construction companies impetus to deal with the consequences
of the COVID-19 pandemic, the authors recognize that building
resilience in the AEC industry is a holistic and complex process.
Under the traditional AEC model, silos and fragmentation are a
natural outcome stemming from the nature of the industry.
Design and construction firms are characterized as rigid,
centralized organizations that follow a “command-and-
control” structure (Wang and Du, 2011). These inherent traits
of the industry result in a breakdown in communication,
cooperation, and coordination and in an inefficient,
asymmetric transfer of information among stakeholders,
impeding organizational resilience (Fenwick et al., 2009).
Researchers have noted that the internal and external
structures of organizations can support and enable resilience
(Andersson et al., 2019). A key structural contributor to
resilience is decentralization (Tierney, 2008; Tengblad and
Oudhuis, 2018; Andersson et al., 2019). Decentralization
means power distribution allowing stakeholders at various
levels to be responsible and accountable for the survival of the
organization (Andersson et al., 2019). This decentralization is
said to amplify the ability to adapt and improve (Kirchhof, 2020),
but it cannot operate without integrated control of data shared by
stakeholders involved in the project. The greater the need to
socially distance because of the pandemic and therefore work in a
distributed fashion, the greater is the need for a remotely
accessible, digital, single source of truth, such as a shared BIM
model. The authors’ vision of a resilient, post-COVID-19 future
for the AEC industry, illustrated in Figure 8, is built on two key
components: decentralization of workforce, and integration
of data.
The eleven propositions of building resilience in the AEC industry
are embodied in the proposed decentralized model in Figure 8: 1)
Portfolio diversification leads to decentralization of the operations of
design and construction firms. This decentralization can shield
companies from the risk of “putting all eggs in one basket;” 2)
The early involvement of key project participants promoted through
the use of collaborative contracting methods provides a decentralized
source of innovative ideas. Forming direct relationships between
stakeholders addresses the vertical and longitudinal fragmentation of
AEC companies; 3) Industrialized construction crosses traditional
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supply chain boundaries and introduces new player to the supply
chain; 4) Circular business models challenge the traditional
centralized model of the AEC industry as a circular economy
implies more decentralized production processes to reuse and
recycle materials; 5) Remote working is expected to become a
major option for any company and this will transform the former
centralized model into working to a distributed model; 6) Integrated
design management using BIM enables a centralized control of data
throughout the whole process of the project, allowing fast and
efficient decision-making between design firms, construction firms
and service providers; 7) Resilience in staffing and skills trainings is a
crucial investment for business continuity by means of decentralized
management of multiple workforce units and liaising with external
firms and service providers; 8) Reversible Building Design can only
guarantee success through re-distribution of knowledge and expertise
between stakeholders who are dedicated to the common goal of
recycling building materials; 9) AR-enabled applications act as both a
centralized reference that encompasses the different type of
information and data needed by stakeholders and a decentralized
decision-making tool that empowers stakeholder and improves
cooperative work through augmented reality; 10) The shift to
automation and 3D printing allows new non-construction actors
to enter the construction market to provide the needed technology
and expertise; 11) Lean Construction provides additional flexibility
to construction stakeholders, decentralizes decision-making,
enhances flow of information among stakeholders, increases
conversation and dialogue between project participants, and
leverages the use of BIM.
Finding the desired equilibrium between the traditional and
proposed model is critical. The structure of design and
construction firms should be designed to fit emerging
circumstances rather than through pre-determination. This
paper provides practitioners and researchers with a glimpse
into the future of the AEC industry post-pandemic where
resilience is essential to offset disruptions and enable the
survival and growth of AEC organizations. This discussion on
resilience can be extended to other stakeholders in the
construction supply chain. Additionally, the work
presented in this paper is conceptual and will be expanded
on in future work through case studies with design and
construction firms.
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